The histone H3 variant CENP-A is incorporated into nucleosomes that mark centromere location. We have recently reported that CENP-A nucleosomes, compared with their H3 counterparts, confer an altered nucleosome shape. Here, using a single-molecule fluorescence resonance energy transfer (FRET) approach with recombinant human histones and centromere DNA, we found that the nucleosome shape change directed by CENP-A is dominated by lateral passing of two DNA gyres (gyre sliding). A nonhistone centromere protein, CENP-C, binds and reshapes the nucleosome, sliding the DNA gyres back to positions similar to those in canonical nucleosomes containing conventional histone H3. The model that we generated to explain the CENP-A-nucleosome transition provides an example of a shape change imposed by external binding proteins and has notable implications for understanding of the epigenetic basis of the faithful inheritance of centromere location on chromosomes.
a r t i c l e s
In diverse eukaryotes, centromere location is specified by a unique chromatin domain containing CENP-A nucleosomes [1] [2] [3] . CENP-A and other constitutive centromere proteins track with newly formed centromeres (i.e., neocentromeres, which lack the repetitive α-satellite DNA found at typical human centromeres) [4] [5] [6] but are absent from the silenced centromeres in pseudodicentric chromosomes [4] [5] [6] [7] . The notion that CENP-A, a histone variant, carries epigenetic information specifying centromere location has been bolstered by many lines of evidence (reviewed in refs. 1-3), including key experiments using CENP-A-nucleosome assembly (through direct or indirect targeting or reconstitution) to seed new centromeres at ectopic chromosomal loci [8] [9] [10] [11] [12] , on a plasmid 13 or in Xenopus extracts 14 .
Although CENP-A is thought to be the key molecule specifying centromere location, it does not act alone when performing its essential centromere function. For example, we have recently found that CENP-A maintains centromere identity through collaborating with the constitutive centromere protein CENP-C 15 . In the absence of CENP-C, CENP-A confers an altered shape on the octameric histone core, and when CENP-A is directed to chromosome locations lacking a high local concentration of CENP-C, it is destabilized 15 . The nucleosome shape deviation originates from rotation at the CENP-A-CENP-A interface 16 , which requires the movement of H2A-H2B dimers away from each other to avoid steric clashing. Indeed, H2A-H2B dimers are 5 Å further away from each other in CENP-A nucleosomes than in canonical H3-containing nucleosomes 15 , but the nature of the structural rearrangement-which is central to understanding the altered path of CENP-A nucleosomal DNA-remains unclear (Fig. 1a) . The central domain of CENP-C (CENP-C CD ) contacts the C-terminal tail of CENP-A as well as discrete surfaces on histones H2A and H4 (refs. 17,18) and reshapes the CENP-A nucleosome 15 (Fig. 1a) , thus providing a prime example demonstrating that nucleosome shape and function can be modulated in a manner analogous to the allosteric regulation of enzymes.
Here we set out to define the CENP-A-nucleosome structural transition resulting in an altered path of nucleosomal DNA, because of its importance for understanding both the epigenetic maintenance of centromere identity and the possible ways in which nucleosome structure and function can be modulated.
RESULTS

DNA gyre sliding in the CENP-A nucleosome
The 147 bp of DNA that wraps a canonical nucleosome makes ~1.7 turns around the histone core, thus resulting in two DNA gyres that contact the H2A-H2B dimers in the histone core 19 . H2A-H2B dimers moving away from each other in CENP-A nucleosomes may cause the two gyres to move away from each other, thus resulting in a separation of the DNA gyres (Fig. 1a) . Alternatively, the movement of the dimers may result in the DNA gyres moving laterally past each other, thus resulting in a tightening of the DNA wrapping at the point of contact of the dimers (Fig. 1a) . To measure the relative contribution of these two types of DNA-gyre movement, we designed a FRETbased scheme using two nucleosomal DNAs (DNA1 and DNA2; Fig. 1b) , each derived from a human α-satellite sequence 20 in which the dyad position precisely matches the location where CENP-A nucleosomes map at native centromeres 21 . In the case of DNA1 (Fig. 1c) , gyre separation would result in the fluorophores moving away from each other, and FRET efficiency (Φ FRET ) would decrease. For lateral DNA gyre passing, the donor fluorophore would move closer to the acceptor fluorophore, thus resulting in higher Φ FRET . In the case of DNA2 (Fig. 1c) , gyre separation would also result in the fluorophores moving away from each other, thus leading to a decrease in Φ FRET . However, if lateral DNA gyre passing were to occur, the donor fluorophore would move further away from the acceptor fluorophore, thus resulting in a decrease in Φ FRET for DNA2. An important aspect of our design is that we expected the absolute change (∆Φ FRET ) to be roughly equal for both DNA1 and DNA2 if either gyre separation or lateral passing were to dominate the structural change, because the FRET fluorophores are separated by approximately the same distance from each other on each DNA. Therefore, if gyre separation were to dominate, Φ FRET would decrease by a similar magnitude for both DNA1 and DNA2 (Fig. 1c) . If DNA gyre lateral passing were to dominate, then Φ FRET would increase for DNA1 and decrease for DNA2, but the magnitude of the change would be approximately equal (Fig. 1c) . If both types of movement 
were to substantially contribute to altering the DNA path, then the absolute Φ FRET measured for DNA1 would be different from that for DNA2, because DNA gyre separation and lateral DNA gyre passing would have opposite effects on Φ FRET for DNA1, but both would result in decreased Φ FRET for DNA2 (Fig. 1c) .
Our measurement setup for single-molecule FRET was based on one that we have used to address diverse issues in nucleosome structure and dynamics 22, 23 . Nucleosomes (and nucleosomal complexes; native PAGE in Fig. 1d ) exhibited a range of Φ FRET values, and we focused our analysis on the high-FRET group with nucleosomes positioned on the DNA as designed. We performed separate analyses on nucleosomes in low-and medium-FRET groups, in which positioning on the DNA template varied slightly (Online Methods, Supplementary  Fig. 1 and Supplementary Table 1) . In all bins, CENP-A nucleosomes reconstituted with DNA1 exhibited a significantly increased Φ FRET , but those with DNA2 exhibited a significantly decreased Φ FRET relative to that of H3 nucleosomes (Fig. 2a-c) . Further, the absolute change in Φ FRET was almost identical among these comparisons (Fig. 2a-c) . The low-and medium-FRET subgroups that we observed may represent subpopulations of nucleosomes with varying gaps between the two nucleosomal DNA gyres 24 . Changes in Φ FRET can originate from changes in physical and photophysical properties of the fluorophores, such as rotational freedom and fluorescence quantum yield. Because CENP-A was highly unlikely to be in direct contact with the fluorophores (approximate locations of CENP-A and fluorophores in Fig. 1b) , CENP-A in the nucleosomes was unlikely to affect the rotational freedom or the quantum yield of the fluorophores. Together, these data indicated that DNA alteration in CENP-A nucleosomes relative to its conventional counterparts containing canonical H3 is heavily dominated by the gyres laterally passing each other, and there is only a small contribution from the DNA gyre separation.
CENP-C reverts the altered DNA wrapping of CENP-A nucleosomes
We predicted that CENP-C CD binding to the CENP-A nucleosome would cause the gyres of the DNA to slide back to a conventional nucleosome orientation. This conclusion was based on our earlier findings 15 and the present findings that the major form of structural alteration in unbound CENP-A nucleosomes occurred via DNA gyre sliding (Figs. 1 and 2) . Indeed, CENP-A nucleosomes bound by CENP-C CD had essentially the same Φ FRET as those of isolated canonical nucleosomes containing conventional H3, thus suggesting that the internal DNA wrapping of these two nucleosome complexes was nearly identical (Fig. 2a-c) . It is unlikely that the Φ FRET changes upon CENP-C binding were due to altered fluorophore photophysics, given that CENP-C binding exerted opposing effects on Φ FRET in the two different nucleosomes. Therefore, the Φ FRET changes that we observed were mainly due to the changes in the distance between the fluorophores. Together, our findings provide a view of the starting and ending points of the protein 15 and DNA (Figs. 1 and 2) components of CENP-A nucleosomes during the structural transition directed by CENP-C CD , a process that rigidifies and stabilizes nucleosomes and facilitates the maintenance of centromere identity through cell generations.
A model of CENP-A structural transitions
To visualize the structural transition of CENP-A nucleosomes, we constructed a model of its favored state in solution before binding to CENP-C (Fig. 3a) . Our model of the CENP-A nucleosome in the absence of CENP-C (Fig. 3a) integrates compaction of the (CENP-A-H4) 2 heterotetramer at the CENP-A-CENP-A interface 16 ( Fig. 3b) , movement of the H2A-H2B dimers away from each other 15 ( Fig. 3c) and lateral passing of the DNA gyres (Fig. 3d) relative to the crystallized form of the CENP-A nucleosome 25 .
The rotation and compaction that initiates at the CENP-A-CENP-A four-helix bundle is simply propagated through the H2A-H2B dimer and leads to DNA gyre sliding. Interestingly, we note that even in the crystallized form of the CENP-A nucleosome 25 the CENP-A-CENP-A four-helix bundle is rotated but not compacted relative to the H3-H3 four-helix bundle in canonical nucleosomes (Supplementary Fig. 2) . For the nucleosomal DNA in our model, the major alteration is at or near the dyad (i.e., near the CENP-A-CENP-A interface), where there npg a r t i c l e s is a decreased radius of curvature around the histone core in CENP-A nucleosomes before CENP-C binding. We adjusted the path of DNA by using the FRET measurements (Fig. 2) on a high-resolution CENP-A-nucleosome structural model 25 (PDB 3AN2). One chain of each histone (CENP-A, H4, H2A and H2B) on one half of the dyad axis of symmetry was fixed, and the other chains (CENP-A′, H4′, H2A′ and H2B′) were rotated. After simple model minimization, we observed that the DNA contacts to each half of the nucleosome were maintained, thus causing unrealistic bond distances at the dyad site of the nucleosomal DNA (Fig. 3a, break in the continuity of the DNA ribbon diagram marked with an asterisk). DNA compression at the dyad is expected to accommodate the reduced radius of gyration. In addition to compression, kinking and stretching at histone contact points throughout the nucleosome would also distribute the changes required by the altered CENP-A-nucleosome structural state, as has been well noted in analysis of canonical nucleosomes crystallized on various DNA sequences [26] [27] [28] . Indeed, we found independent evidence of altered DNA conformation in CENP-A nucleosomes, as demonstrated by the increased intercalation and reactivity of N-(2,3-epoxypropyl)-1, 8-naphthalimide (ENA) at a GG dinucleotide located 1.5 turns from the dyad (Supplementary Fig. 3) . Thus, the DNA near the dyad is substantially altered, whereas the gyres simply pass by each other on the opposite side of the nucleosome without any other large bends forming in the DNA. CENP-C CD binds near the dyad 15, 18 and stabilizes the form of the CENP-A nucleosome where the CENP-A-CENP-A four-helix bundle is rotated into a conventional shape, and the gyres of the DNA slide back to the path found in canonical nucleosomes ( Fig. 3 and Supplementary Video 1) .
DISCUSSION
The structural variations in CENP-A nucleosomes and the subsequent changes in CENP-C binding provide insight into the basis of epigenetic inheritance of the centromere. Here, we identified the major change in the path of nucleosomal DNA and generated a molecular model to integrate past and current data sets from solution and crystal studies.
CENP-A is found at a high local concentration at the centromere, where it recruits CENP-C; the direct binding of CENP-C to the CENP-A nucleosome then changes the nucleosome's shape. We suggest that when CENP-A is distributed in the genome-as may be the case in its overexpression in some cancers 29 -CENP-C molecules can still bind, but limiting amounts of CENP-C or other essential nonhistone centromere proteins 30, 31 do not support the formation of a stable centromere chromatin domain 29, [32] [33] [34] . New centromere formation can be stimulated by artificially generating a high local concentration of nascent CENP-A nucleosomes [8] [9] [10] [11] [12] [13] , and rare neocentromeres occurring in the human population [4] [5] [6] 35 may arise at chromosome-arm sites where clusters of CENP-A nucleosomes recruit CENP-C molecules and together initiate the formation of heritable centromeres. By altering the nucleosome in this way, CENP-C binding stabilizes CENP-A nucleosomes at the centromeres and helps to solidify the foundation of centromeric chromatin. When CENP-C is removed from centromeres, the stability is compromised 15 . Thus, the CENP-A nucleosome structural transition is intimately linked to CENP-A's function in epigenetically marking centromere location over long timescales that are biologically relevant. Further, our study provides an important example of how nucleosome shape alteration may be coupled to function for other types of nucleosomes-containing either canonical or variant histones-in diverse chromatin contexts.
METHODS
Methods and any associated references are available in the online version of the paper. 
